Previous descriptions have noted that the stomach samples of spiny dogfish, Squalus acanthias, showed a major increase in the overall occurrence and hence implied abundance of Ctenophora. This apparent and persistent gelatinous zooplankton outbreak is increasingly more common in the world's oceans. We briefly explore the energetic ramifications of ctenophores in the spiny dogfish diet, inferring that the presence of gelatinous zooplankton represents an ambient feeding strategy. Relative to other prey, ctenophores are not a high energy density prey item. However, given varying assumptions of the amount of ctenophores consumed, they may be an important staple in the diet of spiny dogfish. We also examine the utility of using spiny dogfish as a gelatinous zooplankton sampling device. Using five calculation methodologies, we provide bounds on potential abundance and biomass estimates of ctenophores in the Northeast U.S. shelf ecosystem. We then contextualize these findings relative to the implications for the Northeast U.S. and any large marine ecosystem.
Introduction
There have been several documented instances of gelatinous zooplankton blooms for a wide range of marine ecosystems. Both enclosed (e.g., Black Sea, Caspian Sea, Sea of Azov, and Sea of Marmara) and relatively enclosed/semiopen (e.g., Adriatic Sea, Baltic Sea, Gulf of Mexico, Bering Sea, and Mediterranean Sea) marine ecosystems have exhibited these blooms [1] [2] [3] [4] [5] . These increases in gelatinous zooplankton abundance have been variously attributed to eutrophication, water mass warming, and overfishing [1] [2] [3] [4] [6] [7] [8] . These increases can also have significant, negative, ecosystem-wide impacts (e.g., [9] [10] [11] ). Yet often the impact of these blooms on ecosystem trophodynamics and energy flow is poorly understood.
Additionally, sampling gelatinous zooplankton remains a major challenge for biological oceanography [7, 12] . One way to overcome sampling difficulties for gelatinous organisms is to utilize fish as an in situ sampling device. Use of fish stomach contents has become increasingly widespread for obtaining basic, vital information on difficult-to-sample marine organisms [13] [14] [15] .
In a prior study [16] , we used fish stomachs (spiny dogfish, Squalus acanthias Linnaeus, 1758) to serve as a proxy estimate of relative abundance for Ctenophora in the Northeast U.S. (NEUS; Figure 1 ) continental shelf ecosystem. Our results from that work suggested that the relative occurrence of Ctenophora in spiny dogfish stomachs was increasing from 1981 to 2000, and after examining several assumptions, our results implied that ctenophore abundance was greatly increasing in the Northeast U.S. continental shelf ecosystem. Yet the scope (i.e., order of magnitude) of these and similar stomach-based estimates is rarely presented in terms of absolute abundance or biomass. There need to be some protocols to place bounds on estimates of abundance and biomass of these gelatinous zooplankton blooms in general but particularly as sampled by fish.
In our prior study [16] , we did not attempt to scale our estimates to total abundance. We also did not evaluate how energetically important Ctenophora may be to their "sampler" fish, particularly with respect to other prey items. Thus, the objectives of this study were to evaluate the relative importance of ctenophores as prey for spiny dogfish in terms of their energetic value and to provide bounds of probable magnitudes of abundance for these ctenophores in the NEUS. We do so by using several, simple feeding models with a range of assumptions. Although there are short-term or localized estimates of Ctenophora and other gelatinous zooplankton densities (e.g., [10, 17, 18] ) for regions of the NEUS ecosystem, none are synoptic at broad spatial and temporal scales. Our work, although based upon field data, represents a modeling approach to provide some sensitivity to the estimates we were attempting to provide that are notably difficult using classical zooplankton approaches. Addressing the lack of good abundance estimates for gelatinous zooplankton in this way should provide a broader ecosystem context for the potential impact of these and similar gelatinous zooplankton blooms.
Materials and Methods

Background.
The broad-scale, long-term sampling program of stomach contents of fishes from the Northeast U.S. continental shelf ecosystem ( Figure 1 ) serves directly to identify changes in fish diets and indirectly to identify changes in the underlying ecosystem [15, 19, 20] . The standard National Marine Fisheries Service (NMFS) Northeast Fisheries Science Center (NEFSC) bottom trawl survey program has been conducted annually since 1963 [21, 22] . During these ongoing surveys, food habits data are collected from a variety of species. These multispecies surveys are designed to monitor trends in abundance and distribution and to provide samples to study the ecology of the large number of fish and invertebrate species inhabiting the region. Azarovitz [21] and NEFC [22] provide a more detailed description of the survey program.
Although the program started in 1963, we focused on our study on spiny dogfish stomachs ( = 43,489) collected from 1981 to 2000 throughout the entire range of the Northeast U.S. shelf surveys (i.e., from Cape Hatteras, NC, to Nova Scotia; Figure 1 ). Across the four regions depicted in the survey, the seasonally averaged abundance of spiny dogfish for the period of 1996-2000 ranged from 33 to 56 million dogfish per region. Full details of the food habits sampling and data are given in Link and Almeida [19] and are only summarized here with particular respect to spiny dogfish. During the period of the study (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) , spiny dogfish stomachs were examined and prey-identified at sea immediately after the catch was sorted on deck. Thus, concerns over the degradation of any gelatinous zooplankton due to the effects of preservation in formalin or ethanol [9] or rapid digestion [23] are largely unmerited. Data on total stomach volume (0.1 cm 3 minimum resolution), prey composition (%), numbers, and lengths were collected shipboard. In addition, a conversion from volumetric measurement of prey (cm 3 ) to mass (g) was executed to obtain biomass estimates of the food consumed. The range of annual average consumption of ctenophores in grams was 0.4 to 4.6 g with the time series average of 2.1 g. The size of dogfish sampled ranged from juveniles (∼35-40) cm to large, mature females (∼110 cm) but were predominately the medium size classes (50-80 cm).
Ctenophora were readily identifiable in the stomachs of spiny dogfish, at sea upon macroscopic inspection, by their obvious firm-gelatin constitution, small and clear balllike shape, uniquely (relative to any other spiny dogfish prey) colored pinkish-gray masses, and particularly the ctene rows. Stomach contents identified as Ctenophora could have been Mnemiopsis leidyi, Pleurobrachia pileus, or Bolinopsis infundibulum, but it is beyond the scope of the present work to distinguish between them. Even after partial digestion, Ctenophora in spiny dogfish stomachs were identifiable, particularly the ctene. Spiny dogfish do not masticate Ctenophora; rather Ctenophora are ingested as whole prey items.
The traditional method for monitoring zooplankton levels in the Northeast U.S. shelf ecosystem has been plankton nets. However, plankton net surveys from 1977 to the present only record a very small number of observations of ctenophores (less than 2% of all tows taken). When compared with direct methods of sampling gelatinous zooplankton in the marine environment (e.g., nets), stomach sampling methods largely eliminated concerns of specimens breaking apart and becoming unidentifiable and/or indistinguishable [7, 12, 24] . Our modeling efforts used a range of digestion times from 0.25 hours to 24 hours since the digestion time of ctenophores in spiny dogfish has not been experimentally determined to our knowledge. 
Energetic Contribution to Diet.
The significance of ctenophores in the diet of spiny dogfish was explored in terms of consumption, energy density, and diet composition (percentage of weight) relative to other prey types. The caloric value of ctenophores is estimated to be between 90 and 200 cal g −1 wet weight (1 cal = 4.1868 J) [24] . Energy densities for other common spiny dogfish prey were taken from the literature ( Table 1) .
The energetic contribution of common prey items for spiny dogfish, including ctenophores, was estimated by using a simple product of percent diet composition, energy density, and mean amount of total food consumed. Additionally, we made calculations that also included the digestion rate of the prey item to estimate the energetic contribution of common prey items while accounting for the different digestion rates of prey body types.
Biomass Estimates.
To place bounds on the estimates of potential abundance and biomass of ctenophores in the Northeast U.S. shelf ecosystem, we employed five calculation methodologies. The estimates here refer to biomass over the total area of the Northeast U.S. shelf ecosystem (230,000 km 2 ). The five methodologies were a digestion time approach, a consumption model approach, simple frequency of occurrence, a swept volume model, and a plankton net method.
Digestion Time Method.
Biomass of ctenophores within the whole of the NEUS was estimated using the mass of ctenophores in the stomachs of spiny dogfish and the estimated digestion time of ctenophores within spiny dogfish. The mass of ctenophores per year ( ct ) on the continental shelf was estimated as a function of the average mass of ctenophores found in dogfish stomachs in grams ( ), the estimated digestion time of a ctenophore in a dogfish stomach in hours ( ; scaled to 24 and multiplied by the number of days in a year), and the number of dogfish on the shelf ( dog ), where
The amount of ctenophores found in dogfish ( ) came from stomach content sampling conducted on routine surveys described above. The number of dogfish present on the shelf ecosystem was taken from stock assessment estimates from the Northeast Fisheries Science Center [29, general survey techniques noted above]. We use the minimum, maximum, and average abundance of spiny dogfish from these estimates to bound the possible range ( dog ). To convert ctenophore biomass ( ct ) into ctenophore abundance ( ct ), we assumed an average individual mass of 0.36 g per ctenophore [23] .
Consumption Model Method.
The biomass of ctenophores on the shelf was also estimated using a consumption model method [30, 31] . In this case, the biomass of ctenophores per year was estimated as a function of the average mass of ctenophores found in dogfish stomachs in grams ( ) and the evacuation rate of ctenophores through dogfish ( ), where
The 24 is the number of hours in a day, and the evacuation rate ( ) is defined as
where and are fitted coefficients [32] . This equation relates to temperature determined by laboratory studies and the literature [32] , where is the slope found to be consistent between prey types and is the intercept that is dependent on the prey type. For this study, was set from 0.002 to 0.8 and was fixed to 0.115. is the mean temperature specified here as 14.5 C (cf. [33] ).
To scale to an annual, total estimate, ct was multiplied by the minimum swept area estimate of dogfish ( dog ):
where 365 is the number of days per year. To convert ctenophore biomass ( ct ) into ctenophore abundance ( ct ), we assumed an average individual mass of 0.36 g per ctenophore [23] . 
To convert ctenophore biomass ( ct ) into ctenophore abundance ( ct ), we assumed an average individual mass of 0.36 g per ctenophore [23] .
Swept Volume of Dogfish Method.
The swept volume of a dogfish was defined as the product of the gape area and the time and distance a dogfish swims per day. We assumed a gape width of 3 cm, 22 hours of feeding in a day, and a swimming velocity of 1 m s −1 . Observations of spiny dogfish morphology and swimming behavior were used to conservatively estimate gape width and swimming speed. The feeding time estimate was made to allow some time spent on nonfeeding activities (2 hours). Using the gape width as a diameter and scaled to the daily distance swum (product of speed and swimming time), the resulting swept volume ( ) for a dogfish was 40.72 m 3 . The mass of ctenophores per dogfish per day ( ct-; scaled by 24 for a daily estimate) could be estimated by using this swept volume ( ), the average mass of ctenophores found in the stomachs of dogfish ( ), and the percent frequency of occurrence of ctenophores in dogfish stomachs ( ), where
Using the volume of water ( shelf ) in each of the four regions (the Gulf of Maine (GoM), Georges Bank (GB), Southern New England (SNE), and the Middle Atlantic Bight (MAB)) on the continental shelf, the number of days per year, and the number of dogfish present in each region ( dog-reg ), the biomass of ctenophores, ct , could be calculated, where
Estimates of water volume (m 3 ) were calculated from NEFSC estimates of area and average depth for each region. The numbers of dogfish found in each region were also from NEFSC survey estimates. These were then integrated into a total for the entire shelf. To convert ctenophore biomass ( ct ) into ctenophore abundance ( ct ), we assumed an average individual mass of 0.36 g per ctenophore [23] .
Plankton Net Method.
Prior ctenophore abundance estimates for the NEUS shelf were estimated directly, systemwide, as part of the Energy Modeling and Analysis Exercise (EMAX) [34] . Using data from plankton tows, estimates of average abundance and biomass of ctenophores for the entire time period were calculated in each of the four regions of the continental shelf previously described [35] . These tows were routine 60 cm, .333 mm mesh bongo tows from the NMFS EcoMon sampling program. Seasonal variation was not accounted for in the model, but EMAX [34] indicates higher concentrations during the periods of May-June and September-October. Regionally, in this data set, the Middle Atlantic Bight and Southern New England had higher concentrations than Georges Bank and the Gulf of Maine. The area of each region was used to determine a weighted abundance of ctenophores, which were then integrated for the entire shelf.
Results
Energetics. The energy density (KJ g
−1 ) of common spiny dogfish prey, including ctenophores, indicated that herring and mackerel had the highest energy density, whereas ctenophores had the lowest energy density (Table 1 ). When energy density was scaled by diet composition, small pelagic fishes such as herring, mackerel and other fishes were the largest energy contributors to spiny dogfish diet (Figure 2 ).
When digestion time was factored into the scaled energy density calculations, the relative significance of ctenophores increased. Under the lowest digestion time, ctenophores contributed as much energy to the diet of spiny dogfish as mackerel but were still much lower than other fishes (Figure 3 ). (Figure 4) . The different estimates for the number of dogfish (minimum, average, or maximum) did not notably impact the total abundance estimates of ctenophores for any given digestion time; results varied less than one half of an order of magnitude. Most estimates were similar across the abundance of spiny dogfish and given range of digestion times, typically on the order of 10 12 to 10 13 . The mean estimates of biomass ranged from 306 to approximately 30,000 thousand metric tons, again depending upon the time of digestion and estimate of dogfish abundance. The majority of the biomass estimates ranged between 5,000 and 15,000 thousand metric tons.
Biomass Estimates
Consumption Model Method.
Considering a range of digestibility coefficients ( ) for ctenophores, the mean estimated number of ctenophores in this continental shelf ecosystem ranged from 2.2 × 10 10 given the lowest to 8.7 × 10 13 for the highest ( Figure 5 ). Differences in the range of dogfish abundance estimates similarly resulted in a difference in the ctenophore estimate of less than half an order of magnitude. Most abundance estimates were on the order of 10 11 to 10 12 ctenophores in the ecosystem. The mean biomass estimates ranged from 7.8 to approximately 31,000 thousand metric tons. Again, the minimum or maximum abundance estimate of spiny dogfish used only changed the results by less than one half of an order of magnitude.
Simple Frequency of Occurrence in Dogfish Method.
When using the simple frequency of occurrence method, the mean number of ctenophores was 1.6 × 10 8 , ranging from 3.7 × 10 7 to 1.3 × 10 9 , using the minimum and maximum estimates of dogfish abundance ( Figure 6 ). The biomass estimates of ctenophores using this method were all notably less than 0.1 thousand metric tons. Number of ctenophores Figure 6 : Estimates of ctenophore abundance using the simple frequency of occurrence in dogfish method. Results presented for minimum, maximum, and average dogfish abundance estimates.
Swept Volume of Dogfish Method.
There were an estimated 1.2 × 10 10 ctenophores per year in the entire continental shelf ecosystem using the swept volume method. The estimate of ctenophore biomass was 4.2 thousand MT from this method.
Plankton Net Method.
Using the plankton net and associated methodology described in EMAX, there were approximately 8.3 × 10 13 ctenophores in the entire continental shelf ecosystem. This estimate was derived from the average ctenophore concentration (10 m −2 ) of 22, 88, 20, and 6 for the Middle Atlantic Bight, Southern New England, Georges Bank, and Gulf of Maine regions, respectively. The estimate of total ctenophore biomass was approximately 30,000 thousand MT. 
Comparison and
Discussion
Energetic Contribution to Diet.
Ctenophores have a low energy density relative to other spiny dogfish prey such as mackerel, herring, shrimp, and squid. When the energy densities of individual prey items are scaled by diet composition, small pelagic fishes become the most energetically dominant component of the spiny dogfish diet.
Our results do indicate that faster digestion times for gelatinous zooplankton can increase the energetic importance of ctenophores in dogfish. We calculated the diet-scaled energetic importance (energy density) of ctenophores for a range of digestion rates from 0.25 h to 24 h. Our estimates indicate more than a fivefold difference in energy contributed by ctenophores when digestion times range from even just 0.75 to 4 h. This range of digestion times is shorter than other common prey items like mackerel. While we do not have empirical data for the digestion time of ctenophores in spiny dogfish, we do have empirically derived digestion rates of a tentaculate ctenophore Pleurobrachia bachei in chum salmon, Oncorhynchus keta of 1 h [23] . While we recognize differences in relative stomach size and intestine length and expect differences in gut passage times between spiny dogfish and chum salmon, to our knowledge, experimentally determined digestion rates for ctenophores in dogfish do not exist. Using the empirical salmon data as a rough estimate for the digestion time in spiny dogfish, ctenophores might contribute as much energy as mackerel to the spiny dogfish diet. However, the final conclusion is that even if we assume a 1 h digestion time, ctenophores are still a very low energy prey item for spiny dogfish and other fishes that eat them relative to most other prey items. As stated in previous reviews, future experiments to determine digestion rates would allow for more accurate determination of the energetic contribution of ctenophores in the diet of fishes [9, 11] .
We infer from these results that spiny dogfish feed on ctenophores in an opportunistic feeding mode, eating them as encountered while swimming in the water column. This implies that spiny dogfish neither select for nor avoid ctenophores. It may be that ctenophores serve as a supplementary food source allowing spiny dogfish to maintain some basic energy demands, but it is unlikely that spiny dogfish glean a large portion of their bioenergetic demands solely from ctenophores. We suspect that this is generally true for other fishes that prey upon gelatinous zooplankton, with a few exceptions (e.g., Stromateid fishes such as Stromateus brasiliensis Fowler 1906 or Seriolella porosa Guichenot, 1848 that feed almost exclusively on ctenophores) [35] . Yet thus far there are no fishes known to consume solely pelagic coelenterates as their only prey [11] .
Biomass Estimates.
Our model analyses and assumptions imply a level of uncertainty in amount of ctenophores consumed by spiny dogfish in the NEUS on the range of six orders of magnitude. Abundance estimates were on the order of 10 8 to 10 13 individuals in the NEUS. Estimates for biomass were similarly quite widespread, roughly ranging between 10 1 and 10 5 thousand MT. These estimates are quite variable and encompass quite a large range but do provide a reasonable bound of possible estimates of ctenophore abundance. This work in many ways represents a rudimentary sensitivity analysis among different methods and serves to provide a bound about the true ctenophore abundance, outside of which most estimates are likely to be ecologically unfeasible. Some key assumptions in the different methods we used all merit further investigation. Chief among them is the identification of major unknowns: digestion time, ctenophore weight, and true abundance of "sampler" fish. Obviously, there is a tradeoff among the methods used in terms of data or parameter requirements and simplicity. That most of our estimates provided values of similar orders of magnitude adds confidence to the range of estimates presented.
Furthermore, a recent study from Narragansett Bay, Rhode Island, USA, reported concentrations of ctenophores between 0.1 m −3 and 1000 m −3 [36] . Using the rough volume of Narragansett Bay, this would be a total abundance from approximately 2.97 × 10
8 to approximately 2.97 × 10 12 and a biomass between 0.386 and 3859 thousand MT. Similarly, the Sea of Azov experienced an explosion of Mnemiopsis leidyi ranging from 32 to 106 g m 3 [37] . Using a rough estimate for the volume of the Sea of Azov, this density suggests an approximate biomass between 1.56 × 10 4 and 5.18 × 10 4 thousand MT. Conversely, estimates of Ctenophora and other gelatinous zooplankton densities (e.g., [10, 17, 18] ) for regions of the NEUS ecosystem (e.g., Gulf of Maine, Georges Bank) can be higher than those presented here, but none of those are synoptic at broad spatial and temporal scales needed to appropriately estimate Ctenophora abundance for the entire NEUS ecosystem. But again, calculated estimates from these other studies and the other ecosystems noted above are of the same magnitude as ours and confirm that when ctenophore blooms occur, they are roughly at this level of density. In short, because the many different approaches we used provide estimates on the same magnitude as other studies, we have higher confidence that our more simplistic modeling approaches have reasonably bounded this estimation problem.
Ctenophora and other gelatinous zooplankton are inherently difficult to sample and survey, particularly at synoptic temporal and spatial scales [7, 12] . The merits of using a novel sampling device fish stomachs have been discussed elsewhere [13] [14] [15] , particularly for ctenophores [16] . Providing some sense of scaling to a system-wide estimate and some sense of bounding to those estimates is a useful outcome of this work. That we have been able to provide a set of reasonable bounds of abundance estimates is not trivial.
The spiny dogfish appears to be a good sampler for ctenophores that can support studies like this one. Previous studies [16, 20] have shown that the diet composition of Ctenophora in the spiny dogfish has remained consistent and without a clear trend in the amount eaten, suggesting a relative constancy in the factors that determine the amount of ctenophora they consume. Further confidence is gained in the stability within the diet of the spiny dogfish during this study period. Levels of consumption of major functional groups of prey (e.g., small forage fishes) have remained constant, even when certain species might fluctuate. When all other factors about the changes in ctenophore occurrence in the spiny dogfish are considered, we are left with accepting that these data represent a good proxy for the change in ctenophore abundance [16] .
The amount of gelatinous zooplankton in the world's oceans remains a major question. The examples from other ecosystems (e.g., [1] [2] [3] [4] [5] ) suggest that there may be many more gelatinous zooplankton than we suspect. The implications of having high gelatinous zooplankton biomass in an ecosystem have been well chronicled (e.g., [9] [10] [11] ) and are mostly negative. While ctenophores were the focus of this study, it should be pointed out that according to NEFSC plankton survey data, Northeast U.S. shelf ecosystem gelatinous zooplankton includes ctenophores, siphonophores, salps, hydromedusae, and scyphomedusae. Potential impacts vary by ecosystem but can include significant predation on fish eggs, fish larvae, and heightened competition for zooplankton prey [11] . Ctenophores, depending on species, might affect fish egg concentrations (M. leidyi) or, inter alia, compete for zooplankton prey in the case of P. pileus [11] . Thus, it has become increasingly imperative that we develop methods to estimate and measure gelatinous zooplankton in situ on a synoptic scale. The approaches we present here highlight a few possible ways to estimate the abundance and biomass and reasonably place bounds on those estimates, for hard to sample gelatinous zooplankton.
